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Abstract: Electrospray thrusters can deliver the efficient primary propulsion and 

attitude control actuation needed by small satellites. The microfabricated multiemitter array 

is an ideal implementation of this technology because it addresses the thrust, volume, mass 

and scalability requirements across the size range of smallsats. This article describes the 

characterization of an internally fed, 64 emitter microfabricated array.  The characterization 

is based on the use of the time-of-flight technique to indirectly measure the thrust and the 

mass flow rate of the beam. The electrospray source features an emitter and an extractor 

electrodes, etched on silicon; and an etched glass wafer which, bonded to the back side of the 

emitter electrode, provides space for a reservoir from which the propellant is distributed to 

the emitters. The three wafers are bonded into a single component. The main novelty of this 

electrospray source is the use of individual flow-restrictive channels, etched on the back of the 

emitter wafer, and connecting each emitter to the common distribution reservoir. This 

construction decouples the design and fabrication of the emitters from the need to provide a 

flow path with sufficient hydraulic resistance for each emitter. 

Nomenclature 

EI  = emitter current 

spI  =  specific impulse 

m = droplet mass 

TOFm  = mass flow rate measured with the time-of-flight technique 

Q = volumetric flow rate 

QFM = dimensionless flow rate 

q = droplet charge 

TOFT  = thrust  measured with the time-of-flight technique 

v = droplet velocity 

VA = acceleration voltage 

VE = emitter voltage 

P  = pressure of the propellant at reservoir 

L  = voltage loss along the cone-jet 

p  = propulsive efficiency 
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I. Introduction 

LECTROSPRAY propulsion atomizes a liquid propellant into charged droplets and ions using the electrospraying 

technique. The usefulness of this ionization technique for electric propulsion was first recognized in the 60’s,1 

and interest resurfaced in the late 90’s with the arrival of smallsats and the need for efficient micropropulsion .2,3 

Individual electrospray emitters operate in the milli-Watt and micro-Newton range, and at relatively high specific 

impulse. The efficiency for electrical-to-jet power conversion is remarkably high at low power levels (above 70% at 

1 mW),4 and remains constant at increasing power. The high efficiency is a consequence of the processes associated 

with the atomization and charging of the propellant: the atomization requires a s mall viscous dissipation,5 and does 

not require the formation of a plasma.  

A typical electrospray emitter cross section has a diameter of 100 microns. Since the atomization, charging and 

acceleration of the propellant only requires the use of an electrostatic field, the area occupied by an emitter can be 

made to approach this small 0.01 mm2 area without penalizing performance. Most propulsion applications require 

thrust levels considerably larger than one micro-Newton, and electrospray propulsion can achieve this by multiplexing  

a large number of emission sites. This multiplexing has been implemented in several ways ;6,7 in this study we use 

micromachining techniques to fabricate a regular array of emitters.     

Micromachined arrays can be divided in two types depending on how the propellant is  delivered to the emission 

sites. In externally fed arrays each emitter is a solid and slender protrusion raising from a common plane, and the 

propellant reaches its tip by capillary wetting of the surface or through a porous media.8,9 Once the propellant wets the 

emission sites, the electrostatic pull at the tips drives the flow in steady state operation. The second type is the internally 

fed array, which is the one considered in this article: the emitters are tubes typically etched on silicon, connected to 

and fed from a common and sealed manifold etched on the back of the wafer, and the flow of propellant  is driven by 

an imposed pressure drop. Since the propellant is always encased by solid walls except at the emitter tip, internally 

fed arrays are less susceptible to electric shorting by propellant bridging of the emitter and extractor electrodes, a life -

limiting mechanism in these structures characterized by narrow gaps of hundreds of microns between electrodes. 

Minimizing differences of hydraulic resistances among emitters is especially important  in internally fed arrays, 

because the flow rate in each emitter is inversely proportional to its hydraulic resistance (the pressure in the manifold  

is common to all emitters), and a uniform flow distribution among emitters is key for correct operation. Furthermore , 

the pressure in the manifold must be relatively large, at least a few times larger than both the capillary pressure at the 

liquid meniscus interface and the vapor pressure of impurities in the propellant, to eliminate flow variations among 

emitters and disturbances caused by the formation of bubbles. For typical propellants, flow rates, and tube lengths (a 

few hundred microns, limited by wafer thicknesses and aspect ratios of the deep reactive ion etching DRIE equipment 

used to fabricate them), a tube diameter D of a few microns is required to provide the needed pressure drop between 

the manifold and the emitter tip. However, these small diameters are impractical due to limitations on the aspect ratio 

of DRIE equipment and, being near fabrication tolerances, to variations on the flow rate between emitters  (the 

hydraulic resistance scales with D-4). To address this problem Shea and colleagues have developed a process based on 

the insertion of microbeads in the emitters’ channels to arbitrarily increase the hydraulic resistance of the emitters .10,11 

This technique does not guarantee a uniform filling of the emitters ,12 nor that the beads remain in place throughout the 

lifespan of the thruster.13 In some of their latest prototypes, Shea et al. have increased the hydraulic resistance by 

reducing the inner diameter of the emitter,14 but this ties the geometry and fabrication of the emitter to the hydraulic 

resistance requirement.  

The micromachined array described and tested in this article is internally fed. An important novelty is the 

decoupling of the required hydraulic resistance from the geometry and fabrication of the tubular emitters. We do this 

by etching a channel for each emitter in the back side of the wafer, linking the emitter with the common manifold . 

The cross section and length of these channels provide the desired hydraulic resistance for each emitter. This solution 

allows making flow-resistive channels orders of magnitude longer than the emitter column (e.g. tens of millimeters  

versus one hundred microns), with a cross section of aspect ratio near one. The etching of these channels is much 

simpler than that of the inner channel of a standing emitter with the small diameter needed to provide a similar 

hydraulic resistance.  

 

II. Electrospray Source Description and Testing  

A. Source Description and Fabrication 

Ref. [15] provides a detailed description of the microfabrication recipe. The emitters are etched on a 450 μm thick 

Si wafer and arranged in a square 8x8 array with a pitch of 1 mm. Each emitter is a tube with an external diameter of 
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90 μm, an inner diameter of 40 μm, a height of 300 μm, and is located 

inside a well 300 μm deep and 0.9 mm in diameter. The channels 

etched on the back side of the wafer for increasing the hydraulic 

resistance have a width of 20 m, a depth of 20 m, and a length of 

7.5 mm; individual channels connect each emitter inlet to a common 

manifold pool through successive junctions forming a branched flow 

path. 

The extractor, a 1mm thick Si wafer, is etched twice, first to carve 

an array of holes 0.9 mm in diameter and later up to 750 μm to 

accommodate the emitter. There is an extractor hole concentric to 

each emitter. A novelty of the source tested in this article is that the 

extractor electrode, the emitter electrode, and a glass wafer (used both 

for capping the common manifold pool and to serve as a surface 

supporting the electrodes) are joined together using anodic bonding. 

Figure 1 shows the integrated electrospray source.  

Figure 2 illustrates the steps followed to assemble the source: the 

etched and cleaned emitter electrode and borofloat dice are aligned 

(1), put in contact and heated before imposing a voltage difference 

between them to form an anodic bonding at the contact interface (2). 

Then the cleaned dice with the extractor electrode (3) is aligned with 

the emitter dice and bonded to the borofloat substrate (4). The 

propellant is transferred to the microfluidic channels through a fused 

silica tube which is first glued to a fitting (5), which is in turned glued 

with epoxy to the borofloat (6). 

 

 
 

B. Experimental Set-up 

Figure 3 shows a sketch of the experimental setup. The thruster head is mounted inside a vacuum chamber operated 

at a pressure below 10-5 Torr. Vacuum is provided by a turbomolecular pump backed by a mechanical forepump. The 

free end of the fused silica tube bonded to the glass wafer is submerged into the propellant, which is kept in a reservoir 

placed outside of the chamber. The pressure in this reservoir drives the desired propellant flow rate. The emitter array 

is connected to a high voltage source through a fast switch, used to interrupt the beam when measuring time -of-fligh t  

(TOF) waves. The voltage difference between the emitter and the grounded extractor will be referred to as the emitter 

potential, 
EV . The particles in the beam and the associated current are intercepted by a collector electrode which, like 

the extractor, is at ground potential. The electric currents flowing into the emitter, extractor and collector electrodes 

are key variables for determining the performance of the source, and are measured with three electrometers integrated 

in the experimental set up. When measuring TOF waves the beam is directed to a special detector that can be inserted 

in the path of the beam with the help of a positioning stage. The collecting plate of this detector is shielded by an 

electron-suppressing screen biased at -10 V. The ionic liquid 1-

ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide, 

EMI-Im is used as propellant.16 The density, surface tension, 

viscosity, and electrical conductivity of EMI-Im at room 

temperature are 1520 kg/m3, 0.0349 N/m, 0.034 Pa/s, and 0.88 

S/m. 

The TOF measurement resolves the populations of ions and 

charged droplets due to their very different charge to mass ratios,

mq / , and therefore to their very different velocities, 

mqVv A /2 . 
AV  stands for the acceleration voltage, which  

is typically smaller than the emitter potential due to the 

dissipation of energy in the cone-jet, and the conversion of 

mechanical energy into surface energy. The energy loss can be 

 

 
Figure 1. Integrated electrospray source. 

The emitter and extractor electrodes are 

anodically bonded to a glass wafer that also 

works as the lid of the propellant manifold 

feeding the emitters.   

 

 
Figure 2. Steps in the assembly of the source.  
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expressed in terms of an average voltage loss, 
L . The mass flow 

rate and thrust, key parameters in an electrospray thruster, can be 

obtained by integrating the time of flight signal I(t): 
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where TOFL  is the distance between extractor and collector. 

Although the charged particles have a distribution of acceleration 

voltages, we use the average value 
LEA VV   because 

the distribution cannot be expressed as a function of the time of 

flight variable. 

   

C. Results 

Figure 4 shows the current measured at the emitter electrode as function of the absolute pressure in the propellant 

reservoir, at intervals of 1 torr. The emitter potential is 1752 V.  In this run we decrease the pressure very slowly 

(typically a torr within dozens of seconds), measure both the emitter current and the output of the pressure gauge 

multiple times, and record the average values . We also plot the standard deviation of the current points measured 

within 1-torr intervals, in the form of red vertical bars. Above 100 torr the standard deviations are very small, the I vs 

P curve is monotonic and follows the usual 
2/1QI   law of cone-jets. The standard deviations at pressures below 

100 torr are the largest, indicating that below this point the emission in some of the emitters is unstable (the flow of 

propellant at this point is not sufficient to have all emitters operating above the min imum flow rate at which the 

electrospray is stable). Although not shown in Figure 4, the current measured in the extractor was always a small 

fraction of the emitter current at all pressures . 

Figure 5 shows time-of-flight curves for several beam currents. The voltage difference between the emitter and 

extractor is 1752 V. Before shorting the emitter to ground 

at t = 0, the beam is stationary and the current sensed by 

the TOF collector is constant over time;  after the 

potential of the emitter is switched to ground at t = 0, 

suddenly interrupting the emission, the current sensed by 

the TOF collector decreases over time as the space 

between the extractor and the collector is emptied of 

charged particles; finally, because the particles in the 

beam have a distribution of velocities, the sensed current 

decreases to zero not as a sharp step, but in a smoother 

way reflecting the spread of velocities. The TOF 

technique easily resolves the ion and droplet populations 

in these beams because of their very different velocities. 

The TOF of the ions at all beam currents are very similar 

(although their q/m does not change with beam current, 

their acceleration voltages change slightly due to 

increasing voltage losses along the cone-jet at increasing 

beam current), while the average velocity of the droplets 

decreases substantially at increasing beam current (the 

average q/m of the droplets decreases with beam current). 

Table I lists the mass flow rate and thrust for the 

beams in Fig. 5 and for other similar pressures, together with the specific impulse and propulsive efficiency :  

 
Figure 3. Experimental set-up.  

 
Figure 4. Emitter current as a function of the 

pressure of the propellant in the reservoir.  
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Table I also lists the voltage loss, taken from 

measurements reported in reference [17]. We 

assume that all emitters yield the same current, 

64/1 EII  , to interpolate in the )( 1IL
experimental data. The mass flow rate and thrust 

divided by the number of emitters, and the 

specific impulse and propulsive efficiency, are 

similar to previous results obtained with a single 

emitter electrospraying EMI-Im.4 The 

performance of the electrospray source is also 

very similar to the performance reported for a 

similar multiemitter source in which the extractor 

and emitter were not integrated.15      

 

 

 

 

 

 

III. Conclusion 

We have microfabricated and tested a 64-emitter electrospray source with all components (emitter and extractor 

electrodes, and a supporting glass wafer) bonded together. The main novelty of this design  is the use of individual 

flow-restrictive channels for each emitter, etched on the back side of the emitter wafer. This method enables the 

independent implementation of emitter geometry and fluidics requirements. The electrospray source operates steadily 

in vacuum, with negligible interception of the beam by the extractor electrode. The source has been tested in a wide 

 
Figure 5. Time-of-flight measurements for several beam 

currents.  

Table I. Pressure drop P (Torr), emitter current 
EI  (A), voltage loss 

L (V), beam mass flow 

rate TOFm (kg/s), thrust TOFT  (N), specific impulse spI  (s) and propulsive efficiency p  calculated 

with the time-of-flight technique.  The emitter potential is 1752 V.  

 

P  EI  
L  

TOFm  TOFT  spI  p  

23 6.82 91 2.5·10-9 5.9 242 59% 

39 11.53 91 6.0·10-9 12.2 206 61% 

83 13.7 107 1.0·10-8 17.6 179 64% 

114 15.02 130 1.3·10-8 21.1 160 63% 

174 16.98 165 2.0·10-8 27.3 139 63% 

249 19.30 206 2.9·10-8 34.4 121 60% 

305 20.87 227 3.6·10-8 39.2 112 58% 

429 23.71 257 4.9·10-8 47.8 98 55% 

452 24.42 263 5.7·10-8 51.5 92 54% 
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range of flow rates. The time-of-flight technique was used to measure the mass flow rate, thrust , specific impulse and 

propulsive efficiency in the range of propellant reservoir pressures between 23 and 452 torr, and at constant emitter 

potential of 1752 V. The resulting thrust, specific impulse and efficiency ranged between 5.9 and 57 N, 242 and 92 

s, and 59% and 54 % with a maximum efficiency of 64%. 
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